INTRODUCTION
Composite turbofan engine frames have the potential for reducing both the weight and cost compared with state-of-the-art metal frames. Previous studies (Quiet Clean Short Haul Experimental Engine (QCSEE) program l , e.g.) have
shown that substantial improvement in weight and performance benefits are possible through the use of composites in turbofan engine frames. These benefits are derivable mainly from the high stiffness, lightweight, and propertytailoring characteristics of fiber composites. However, the cost for making composite engine frames now is almost prohibitively high. The major reasoǹ for the high cost is that design concepts to date require a large number of parts to make the frame (approx. 6000 parts for the QCSEE engine frame). It is recognized in the composites community that a significant factor in the fabrication of composite aircraft structures is the cost encountered in laminating composite materials before curing. A major manufacturing benefit of using composite materials is the reduced number of parts required to make complex aircraft composite structural components compared with the correisponding metal components. NASA Lewis Research Center sponsored a program2 6 with the objective to evolve design concepts which lead to a minimum number j of parts and with low-cost potential for turbofan engine composite frames.
Specifically, design concepts for low-cost, lightweight composite engine frames were applied to the design requirements for the frame of a commercial transport high-bypass turbine engine. Four potential alternative composite frame design concept: were identified. Each concept consisted of generic-type components and subcomponents that could be adapted for use in different locations in the engine and to different engine sizes. A variety of materials and manufacturing methods were assessed with a goal of having the least number of parts possible at the l owest possible cost. After a preliminary evaluation of all four frame design concepts, two designs were selected for an extended design and evaluation which narrowed the final selection to one frame ).'°rid) that was significantly lower in cost and lighter than the other frames.
DESIGN CONCEPTS
Four preliminary composite frame design concepts were generated and evaluated consistent with the design requirements ( Table 1) and fabrication processes. In addition, each concept was required to be interchangeable with the same baseline engine. Some of the basic differences between concepts may r appear to be minor; however, final weights and costs revealed significant differences among the concepts considered.
The four composite frame concepts identified for this study are herein described (see Figs. 1 and 2 ).
Concept
Description 1 -Consolidated Many components combined to reduce the number of pieces and shapes for lowest cost.
-Modularized
Vanes in banded assembly with structural spokes separately fabricated a p d inspected prior to committing them to final bonded assembly, with a cast aluminum frame core for low cost.
3 -Filament-Wound As many components as possible are fabricated by low-cost filament winding or braiding techniques.
-Hybrid
Low-cost, two--piece vanes without individual spokes are separately fabricated and inspected prior, to committing them to final "plug in" bonded assembly, with low-cost cast aluminum frame core and die-cast aluminum vane tip fan case blocks.
EVALUATION OF PRELIMINARY DESIGNS
Figures 2 to 7 illustrate the envelope of the baseline frame and the four frame design concepts examined. The numbers of shapes, pieces, and associated hours of labor projected for the first and 250th frame units are listed on each figure. The projected weights for the respective frame components are also included. The frame design concept associated with each of the figures is described: Figure 2 Baseline -This identifies the three frame structural elements of core, vanes, and fan case and shows the respect i ve dimensions that are maintained for all frame concepts. Consolidated Frame .-This concept was generated by combining many flanges in both the fan case and the core of the baseline frame. As a result, fewer adhesive bond joints are required which translates into a modest weight reduction savings but a significant reduction in the number of shapes, pieces, and man-hours.
The heavier Kevlar containment, however, overrides this weight savings and produces a slight increase in total frame weight. A comparison summary of statistics for the four frame concepts previously described are listed in Table 2 along with projections of relative cost and weight of an equivalent all-metal frame. Since the actual labor hours and component weights were experienced earlier for the baseline frame, these facts allowed the generation of realistic estimates of labor hours and weights for similar components of the four new frame design concepts. In addition, a study conducted by experienced personnel on the projected labor hours for all components of a current small composite frame program has been made available for this study. This data base provided a means for double-checking labor hour estimates for many similar frame components. To project the man-hours of I k effort for the 250th engine set a 20 percent increase in labor efficiency was I assumed for the study.
The lowest cost frames, relative to the baseline design frame (Table 2) , were established to be Design Concept 2 (58 percent baseline cost at 706 lb)
and Design Concept 4 (37 percent baseline cost at 695 lb). These two frames were selected for the extended design analysis. Schematics of these two design concepts are shown in Figs. 8 and 9, respectively.
EXTENDED DESIGN ANALYSIS
The extended design analysis of frame concepts 2 and 4 included local stress calculations in the critical stress areas designated !1 to E in Fig. 2 .
Prior experience has shown that the two critical stress conditions for the frame are caused by a crosswind condition and by a 1-1/2 fan blade-out condition as described in Table 3 . Critical frame components i-. areas A to E were sized to these conditions and a majority of the reme ln ' ng new frame sections were sized by ratioing from the baseline frame.
The basic frame analysis was performed using a finite element computer In the concept 2 modular vanes, the slender multilayered spokes terminate into broad spatula panels at both ends that are both bolted and bonded in assembly with the case frame core and fan case aft ring. The bolts aid in properly indexing the parts during assembly and act to maintain a compression--loaded adhesive shear joint for maximum joint integrity.
Concept 4 vane modules incorporate shear-bonded joints at both ends of the vane (Fig. 9) . The skins transfer loads between the frame core and case through 7 0 wedge-atigle bonded joints, A double wedge at the root end provides sufficient shear bona area at that region while a single wedge is adequate for the tip area. An analysis of concept 4 revealed the highest operating stress in the 0.075-in.--thick skin to be 27 000 psi resulting in a 200 percent safety margin. The vane structure of concept 4 has greater structural stiffness than concept 2 without weight penalty. This greater structural stiffness is due to the convergent angle of the integral spokes of concept 4 as compared with the bonded parallel spokes of concept 2 (Fig. 10 ).
Design concept 2 modularized vane attachment details involve integral extensions of both structural spokes that emerge from the vane into a broad spatula-shaped panel at both ends. This integral configuration of thin spokes and broad spatula creates an inefficient utilization of laminated graphite material in their pattern cutout fabrication process. Also, due to its shape, each ply is very delicate to handle during layup into molds. On the other hand, the concept 4 hybrid vanes rely on the thinker skins with integrally molded thick leading-and trailing-edge material that maintains a constant section of laminate material from end to end for maximum utilization of material.
Due to their respective shapes, concept 2 vanes would be w.latively difficult for automated processing while concept 4 vanes should be relatively easy for automated production.
Design concept 4 vane end pieces are compression-molded, wedge-shaped, graphite/epoxy pieces that bond to the sides of the vanes to provide a match- To fabricate all vanes separately and fully inspect and nondestructively evaluate them before committing them to final ac embly is applicable to both frame concepts 2 and 4. One important difference between the two vane concepts is the relative degree of effort required to totally replace a damaged vane. A concept 2 vane could be unbolted and removed axially with some damage requiring subsequent repairs of adhesive joints, collars, and flow path panels.
A concept 4 vane would have to be cut and removed together with its bonded inserts at both ends before a new vane could be install?d radially. This could involve major rework to the fan case with bonded shear panels that might = mposo minor steps in the outer flow-path profile. However, depending on the amount of impact damage, local repairs may be made to vanes without their total removal.
Stress Area D -Frame Core Vane Leading Edge
Maximum loads imposed by the 1-1/2-blade-out condition were used to calculate the stresses in this area. Candidate castable materials selected for comparison in the core frame are listed in Table 5 with corresponding weights
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and effective cost.
It should be noted that from a stress standpoint the 174PH and the INCO 718 could be made as thin as 0.040 to 0.050 in., but experience has shown that such castings can be no thinner than 0.08 in. and have good molten metal flow a frame core of this size if cast in steel would probably have to be cast Mnto sectors and then welded together to achieve a 360 0 frame cord, whereas a C365 aluminum frame core could be cast in a single piece. Due to higher viscosity of molten 174PH metal, its sectors would have to be cast smaller than the steel sectors, hence its higher relative cost. A cast aluminum frame core was selected for the choice of material for either design concept 2 or 4.
As indicated in Figs. 5 and 7, concepts 2 and 4 could have 5 lightening holes in each cast web in the aluminum frame core at 13 locations for a total weight savings of about 6 lb. However, the cost of casting or drilling such holes would require special equipment and extra labor which may add more cost than the weight payoff would justify. If graphite material could be encapsulated in either of the two cast aluminum frame cores at a volume fraction of 40 percent, the total weight of either frame core, including the aforementioned holes, could be reduced by about 40 lb. This prospect would also add significant cost.
Stress Area E -Bearing Flange
Stresses in the frame core forward hub flange were calculated for both cast steel and cast aluminum. By casting the flange 1-1/4 in. thick in aluminum, its maximum stress would be 16 000 psi, leaving a safety margin of By multiplying the circumference times area times thickness times K and equating it to the projected man-hours, the K factor could then be transferred to a similar formula for any size flange of similar profile to calculate similar projected labor hours. Not only do they waste considerable material due to their spatula end profiles, but they are more difficult to handle during laminating and assembly than the two-piece vane skins without separate spokes utilized in concept 4. r
All the component weights, material costs, and projected labor hours were compiled for both frame design concepts 2 and 4 as well as the baseline frame.
Totals were expressed in relative percentages as shown in Table 7 . The total cost of the revised baseline frame was set at 100 percent. The relative costs r of the concept 2 modular frame equated to 58 percent while the concept 4 hybrid frame equated to 37 perce^,t compared with the revised baseline frame cost.
The weights and relative costs of both frames were compiled to assist in the final selection of the low-cost frame. This was accomplished by utilizing the Evaluation Analysis worksheets which provided a weighted comparison between both frames for a variety of considerations. Each frame's major components were evaluated separately then summarized in total for each full frame assembly on Table 7 . The percent value assigned to the respective considerations was multiplied by a scale of comparison from 1 to 10. The totals of this numerical assessment led to the final selection of Design Concept 4 (the hybrid frame) as the most promising candidate design concept. A schematic of the final selection low-cost engine composite frame concept is shown in (b) Ultimate loadsb IV Flight-engine seizure Seizure loads are due to the fan and engine basic gas generator decelerating from maximum-to-zero engine speed in 1 sec.
V Crash Crash load is defined as 10 g forward, 2.25 g side, and 4.5 g down at maximum thrust or down to zero thrust. b Engine shall not separate from aircraft when subjected to Conditions IV, V, and VI and for static loads equivalent to 1.5 times the loads specified as limit loads in metal parts, and 3.0 times the loads specified as limits loads in composite parts. 47  87  87   Miscellaneous   metal hardware  10  66  10  2  2  2  29  25  25  41  93  37   Cast aluminum  ------31  ------------215  237  ---215  268   Adhesive  30  26  26  5  5  3  24  2  2  59  33 w^ir f"-'"M-T-1 i Fig. 3 Baseline frame data. 
